An analytical solution is developed for three-dimensional flow towards a partially penetrating large-diameter well in an unconfined aquifer bounded below by a leaky aquitard of finite or semi-infinite extent. The analytical solution is derived using Laplace and Hankel transforms, then inverted numerically. Existing solutions for flow in leaky unconfined aquifers neglect the unsaturated zone following an assumption of instantaneous drainage due to Neuman.
finite thickness aquitard, but considered the zero-radius pumping well to be fully penetrating 48 and ignored the flow in unsaturated zone. Here, we develop a more general leaky-unconfined 49 aquifer solution by considering a partially penetrating large-diameter well and including the 50 effects of unsaturated zone flow following Mishra and Neuman [9] . The solution is used 51 to investigate the effect of an aquitard on drawdown in overlying unconfined aquifer. We 52 conclude by investigating the effects of wellbore storage capacity and the unsaturated zone 53 on drawdown observed in the aquitard. 
along with far-field boundary condition 73 s (∞, z, t) = 0,
the no-flow condition at the portion of the well casing that is not open to the aquifer 74 r ∂s ∂r
and the wellbore storage mass-balance expression
Flux is assumed constant across the well screen (see Zhan and Zlotnik [25] for a discussion 76 of this assumption's validity). The corresponding linearized unsaturated flow equations [5] 77
where σ(r, z, t) is drawdown in the unsaturated zone, k 0 (z) is relative permeability and 
where θ 0 is the initial volumetric moisture content. Equation (5) depends on the initial
the far-field boundary condition
the no-flow condition at the ground surface
and the no-flow condition at the well casing
The interface conditions providing continuity across the water table are
The aquitard drawdown s 1 (r, z, t) is governed by
Additionally, aquitard flow satisfies no-flow conditions at the bottom and center of the flow 
The interface condition across the aquifer-aquitard boundary are 
where θ r is residual volumetric water content, S y = θ s − θ r is drainable porosity or spe-
96
cific yield and S e is effective saturation. We also adopt the exponential relative hydraulic 97 conductivity model [10] ,
with parameters a k and ψ k that generally differ from a c and ψ a in (17 formed unsaturated zone drawdownσ is given by Mishra and Neuman [9] and is presented
116
in Appendix D for sake of completeness.
117
The Laplace transformeds U derived in Appendix B is
where
The Laplace transformed aquitard drawdown derived in Appendix C is 
where s can be either aquifer drawdown s, aquitard drawdown s 1 , or a combination of the 131 two, depending on the observation well screen interval. where t Bs = α s t B /r 2 , and r is the radial distance to the monitoring location. 
Model-predicted drawdown behavior

141
We illustrate the impacts of an underlying aquitard on unconfined aquifer drawdown for 142 the case where
investigate the effects that wellbore storage capacity of the pumping well, the unconfined 145 aquifer, and the unsaturated zone have on aquitard drawdown. 
Dimensionless unconfined aquifer time-drawdown
We start by considering drawdown at two locations in the unconfined aquifer saturated is seen in Figure 2b that solution of Mishra and Neuman [9] overestimates drawdown near the vadose zone into the aquifer; this drainage contributes to reduced aquitard drawdown.
207
For very large a kD , unsaturated hydraulic conductivity quickly decreases once pressure head 208 is below ψ k , which leads to an much less permeable unsaturated zone.
209 Figure 9 shows the effects that changes in a cD , the dimensionless effective saturation relies on the assumption of instantaneous drainage of Neuman [27] . As a cD decreases,the 218 vadose zone has increased capacity to store water, which diminishes the water In a manner analogous to Mishra and Neuman [5] we decompose s into two parts
where s C is solution for a partially penetrating well in a confined aquifer, satisfying 
R Ss = 10 −2 , R Kz = 0.1 and R b → ∞ when R Kr varies. Solution of Mishra and Neuman [9] is also shown. 
R b → ∞ when R Kz = R Kr varies and R Ss = 1. Solution of Mishra and Neuman [9] is also shown. 
Solution of Mishra and Neuman [9] is also shown. 
R b → ∞ when, a cD = 1 and a kD varies. 
R b → ∞ when, a kD = 10 3 and a cD varies.
and s U is a solution that takes into account aquitard and saturated-unsaturated unconfined 263 conditions, but has no pumping source term, satisfying .12) subject to interface conditions at water table,
where the first term is zero by definition of s C . 
276
The Laplace-Hankel transform of confined aquifer solution [9] is
where τ 0 = pS s /K r and τ n = pS s /K r + K D n 2 π 2 /b 2 .
278
The Laplace transform of (A.8)-(A.14) is
where the first term is zero by definition ofs C .
285
Taking the Hankel transform of (B.4)-(B.9) yields
The general solution of (B.10) subject to (B.11) is 290s U = ρ 1 e ηz + ρ 2 e −ηz (B.14)
where ρ 1 and ρ 2 are coefficients to be determined from boundary conditions.
291
Considering that ∂s H /∂z = 0 at z = 0 and z = b by virtue of (A.5) and that
which, together with q, are derived in (D15) of Mishra and Neuman [9] and
which, together with q 1 , are derived in (C.7) we obtain from (B.11)-(B.13)
where ∆ = (η − q 1 )(η + q)e −ηb − (η − q)(η + q 1 )e ηb .
296
The inverse Hankel transform of (B.14) is 297s U = 
298
It is noted that when q 1 = 0 the aquiard is replaced by an impermeable boundary, and
. These simplifications reduce (B.19) to equation (3) of Mishra 300 and Neuman [9] . functions of first kind and, respectively, orders zero and one; and 
